The major environmental parameter controlling seasonal breeding in ewes is photoperiod. Short days stimulate, and long days inhibit breeding activity. One of the more intriguing enigmas of neuroendocrinology is the endocrine mechanism whereby a mere change in daylength initiates or prevents estrous cycles. Recent experiments have begun to solve this problem by demonstrating that in ewes, photoperiod governs response of the hypothalamopituitary axis to the negative feedback action of estradiol. In long days, estradiol is a potent inhibitor of gonadotropin secretion, whereas in short days it is relatively ineffective in this regard. These photoperiod-induced changes in estradiol feedback are proposed to permit or prevent estrous cycles by controlling the occurrence of a crucial step in the sequence of events leading to ovulation, namely a sustained, preovulatory rise in LH. Thus, estrous cycles cease in long days because an increase in estradiol negative feedback prevents the sustained rise in LH. In short days, estrous cycles resume because a decrease in estradiol feedback permits the sustained rise in LH required for ovulation. Even more puzzling, at present, than the mechanism of transduction of photoperiodic information into an endocrine event controlling seasonal breeding is the problem of transmission of photoperiodic information from the environment to the hypothalamo-pituitary axis. In sheep, early investigations of the transmission pathway have elicited provocative results, only some of which are similar to those obtained in other species. Among the questions which remain to be answered are: what is the location of the photoreceptors, and what, if any, are the roles of the suprachiasmatic nuclei and the pineal in photoperiodic control of seasonal breeding? These issues promise to provide a tantalizing challenge for future investigations into the photoneuroendocrine control of seasonal breeding.
During the course of evolution, nature selects against those animals whose young are born when conditions for survival are not optimal.
As a result, for most wild species, breeding activity occurs at a specific time of year. Endocrinologists have only recently begun to investigate the neuroendocrine mechanisms whereby the environment interacts with the neuroendocrine-gonadal axis to regulate this remarkable process of reversible fertility. Among the first questions to be asked were (1) what is the major environmental parameter controlling seasonal breeding; (2) how is the environmental signal transduced into an endocrine event; and (3) by what pathway is the environmental signal transmitted to the hypothalamo-pituitary axis? This review will describe several experiments designed to answer these questions, focusing mainly on data obtained in female sheep. In answer to the first question, in sheep the major environmental parameter controlling seasonal breeding is photoperiod. This answer is not surprising since on a given day, photoperiod is constant from year to year, whereas other environmental parameters, such as temperature, are quite variable. One of the first reports of photoperiodic control of breeding seasons in sheep was made by Marshall ( 1937) , who observed that breeding seasons were reversed in sheep transported to the southern hemisphere. Since then, a number of investigators have employed artificial photoperiods to examine photoperiodic control of seasonal breeding in more detail (Yeates, 1949; Hafez, 1952; Mauleon and Rougeot, 1962; Thwaites, 1965; Ducker and Bowman, 1970; Ducker et al., 1970; Newton and Betts, 1972; Pelletier and Ortavant, 1975a; Lincoln eC al., 1977; Legan and Karsch, 1980a) . The results of one of these studies are illustrated in Fig. 1 .
Occurrence of estrous cycles was monitored in two groups of ewes housed under the following artificial photoperiods: (1) abrupt shifts between short-day (8L: 16D) and long-day (16L:8D) photoperiods every 90 days, and (2) abrupt shifts between the same artificial photoperiods every 120 days. In addition, occurrence of breeding and anestrous seasons were monitored in a third group of ewes maintained outdoors under natural photoperiodic conditions. In the latter group photoperiod gradually ranged between 9L:15D on the winter solstice and lSL:9D on the summer solstice.
In contrast to the biannual transitions between breeding seasons observed in ewes housed under natural photoperiod, the artificial photoperiods induced onset or cessation of estrous cycles every 90 days in one group and every 120 days in the other (Fig.  1) . Thus, each exposure to long days caused a shift to anestrus, whereas short days elicited onset of the breeding season, regardless of whether a given change in photoperiod occurred during the natural anestrous or breeding season. Further, at the end of one year, these two groups were 180" out of phase, one group in "breeding season," the other in anestrus. Since temperature and other environmental parameters were not maintained constant in this study, but continued to fluctuate biannually, these results indicate that photoperiod is the major "Zeitgeber" for seasonal breeding in ewes. This conclusion receives further support from the observation that fluctuations in temperature alone cannot regulate breeding seasons when photoperiod is kept constant (WodzickaTomaszewska et al., 1967) , however it is possible that temperature modulates the effects of the major "Zeitgeber,"
photoperiod (Dutt and Bush, 1955; Legan and Karsch, 1980a) . TRANSDUCTION 
OF PHOTOPERIOD INTO AN ENDOCRINE EVENT
Having established that photoperiod controls seasonal breeding, the next question is, how can a difference of a few hours of light per day bring about onset or cessation of estrous cycles? Although there is no complete answer to this question yet, significant progress toward that goal has been made in the past several years. Recent studies have focused on a single endocrine event which is not only controlled by photoperiod Legan and Karsch, 1980a) but also is an essential condition for turning estrous cycles on or off Karsch et al., 1977; Legan and Karsch, 1979; Karsch et al., 1979; Karsch et al., 1980a) , namely, a change in the negative feedback action of estradiol on LH secretion.
The first evidence indicating that such a change might be involved in control of seasonal breeding was the observation that transitions between breeding seasons are accompanied by changes in the negative feedback action of estradiol. This was demonstrated by measuring fluctuations in serum LH concentrations in a group of estradiol-treated ovariectomized ewes housed with intact ewes under natural photoperiod (Fig. 2) 2. Seasonal change in response to the negative-feedback action of estradiol on tonic LH secretion. The upper portion depicts serum LH levels (mean + SE) in ovariectomized ewes treated with estradiol (OVX + E, n = 6) or empty (OVX, n = 6) SC Silastic implants. The lower portion depicts serum estradiol concentrations (mean & SE) in the estradioltreated ewes. The histogram illustrates the time of onset of the breeding and anestrous seasons in a separate group of 14 intact ewes housed outdoors with the other ewes. Reproduced, with permission, from Karsch et al. (1980a). serum estradiol concentrations in the ovariectomized ewes remained relatively constant throughout the year. Further, that the seasonal fluctuations in LH are not solely the result of a steroid-independent change in the LH release mechanism is indicated by the absence of seasonal differences in mean serum LH levels in a separate group of ovariectomized ewes treated with empty implants. This result, which is similar to that observed in red deer stags (Lincoln and Kay, 1979) , but in contrast to that obtained in rams (Pelletier and Ortavant, 1975a) and numerous other species (Davis and Meyer, 1973; Turek et al., 1975, Garcia and Ginther, 1976; Mattocks et al., 1976) , does not preclude the existence of small steroid-independent changes in the LH release mechanism. However in ewes, the importance of steroid-independent changes in LH in the regulation of seasonal breeding is overshadowed by those which are steroid dependent . Therefore the foregoing results demonstrate that seasonal variations in LH concentrations in steroid-treated ovariectomized ewes reflect changes in response of the hypothalamopituitary axis to the negative feedback action of estradiol such that estradiol exerts a potent negative feedback action on LH during anestrus, whereas it is relatively ineffective in this regard during the breeding season.
If such variations in response to estradiol negative feedback are an integral part of the mechanism mediating photoperiodic control of seasonal breeding in the ewe, they should accompany all photoperiod-induced transitions between breeding season and anestrus, whether in or out of phase with the natural breeding or anestrous seasons. To determine whether this is the case, a group of estradiol-treated ovariectomized ewes was housed with the intact ewes which were exposed to 90-day alternating long-and short-day photoperiods. Regardless of the time of year, each exposure to an artificial short-day photoperiod was accompanied by a decrease in response to estradiol negative feedback in steroid-treated ovariectomized ewes (Fig. 3) . Further, this change in response occurred simultaneously with onset of estrous cycles in intact ewes. Conversely, each exposure to long days caused an increase in response to estradiol coincident with onset of anestrus. Similar results were obtained from ewes maintained under 120-day alternations between long-and short-day photoperiods. Further, identical results were obtained when serum FSH levels were measured . Such photoperiod-induced changes in response to the feedback control of gonadal steroids have also been demonstrated in hamsters (Tamarkin et al., 1976; Turek, 1977) and in rams (Pelletier and Ortavant, 1975b Occurrence of estrous cycles in 14 intact ewes exposed to natural environmental photoperiod. Middle panel: Occurrence of estrous cycles in 6 intact ewes housed under abrupt W-day alternating long-day (16LgD) and short-day (8L:16D) artificial photoperiods. Lower panel: Mean + SE serum LH concentrations in 5 estradiol-treated ovariectomized ewes subjected to the same regimen of artificial photoperiods. See legend to Fig. 1 for further details. Reproduced, with permission, from Legan and Karsch (1979) . support for the hypothesis that changes in photoperiod cause seasonal breeding in some species by inducing changes in response to the negative feedback of gonadal steroids (Hoffmann, 1973; Pelletier and Ortavant, 1975b) .
If this is the case, how could a photoperiod-induced change in steroid feedback prevent or initiate estrous cycles? The answer is in the form of a hypothesis which was proposed to explain the photoperiodic control of seasonal breeding. According to this hypothesis, which has been tested experimentally Legan and Karsch, 1979; Karsch et al., 1980a; Karsch et al., 198Ob) , occurrence of estrous cycles is dependent on a sequence of endocrine events. If one step in the sequence fails, estrous cycles are terminated resulting in anestrus. Within this framework, the key to seasonal breeding is that seasonal changes in response to estradiol determine whether the critical step, and thus the entire sequence, succeeds or fails.
The essentials of this hypothesis are summarized in Fig. 4 . During the breeding season (Fig. 4, left panel) , the end of an estrous cycle is marked by a decline in serum progesterone concentrations which accompanies regression of the corpus luteum. This releases the hypothalamopituitary axis from the negative feedback action of progesterone on tonic LH secretion, and serum LH increases Hauger et al., 1977; Karsch et al., 1977; Karsch et al., 1979; Karsch et al., 1980b) . The rising tide of LH in turn stimulates a parallel increase in ovarian estradiol secretion Baird, 1978; Karsch et al., 1979; . These concomitant increases in LH and estradiol are maintained until the threshold for the preovulatory LH surge is reached (Goding et al., 1969) Legan et al. (1977) . (Robertson, 1967) . Thus a new cycle begins.
The hypothesis proposes that this cascade of events can occur only during the breeding season when response to estradiol negative feedback is low so that the critical step, a sustained parallel increase in LH and estradiol, can occur. In contrast, during anestrus, this crucial step is prevented by an increase in response to the inhibitory action of estradiol (Fig. 4, right panel) . Thus, during the transition to anestrus when the last corpus luteum of the breeding season regresses, the decline in progesterone once again allows serum LH levels to increase and drive a concomitant rise in estradiol. Now, however, estradiol exerts a potent negative-feedback action on LH and prevents any further increase in LH. Consequently, there is no parallel, sustained increase in LH and estradiol, no signal is given for the LH surge, and anestrus begins. Serum progesterone, LH, and estradiol concentrations remain low until there is a decrease in response to the negative feedback of estradiol and the sustained, paraliel increases in LH and estradiol can occur. Then, an LH surge is triggered and the breeding season begins.
Although this hypothesis does not include a role for serum FSH, it is not because FSH is not important, but rather because the specific role of FSH in control of seasonal breeding in the ewe remains to be determined.
Based on the foregoing considerations, we have described how a photoperiodinduced change in response to the negative-feedback action of estradiol might initiate or prevent estrous cycles. Thus, short days cause a decrease in response to estradiol which leads to the breeding season, whereas long days bring about an increase in response to estradiol, which results in anestrus.
Having established that changes in daylength are transduced into an increase or decrease in response of the hypothalamopituitary axis to steroid feedback, the next question is, how is photoperiodic information transmitted to the hypothalamopituitary axis? Based on evidence obtained in hamsters, the following pathway has been proposed (Fig. 5) . Transmission of photic information mediating control of ShE FIG. 5. Proposed pathway for transmission of photoperiodic information. Neural connections conduct the photic signals from the eye to the suprachiasmatic nucleus (SCN) via the retinohypothalamic tract (RHT), and thence to the pineal via the superior cervical ganglion (SCG). From the pineal, a humoral signal, represented by the broken arrow, transmits the signal to the hypothalamo-pituitary unit (SME and A. Pit.). seasonal breeding begins with the eyes, which contain the photoreceptors (Hoffman and Reiter, 1965; Reiter, 1968; Reiter, 1972) . These receptors most likely transmit the information to the suprachiasmatic nucleus of the hypothalamus via a monosynaptic pathway known as the retinohypothalamic tract (Eichler and Moore, 1974; Rusak and Morin, 1976; Stetson and Watson-Whitmyre, 1976) . Although specific neural tracts have not been identified beyond this point, the photoperiodic information is probably transmitted to the pineal gland by way of the superior cervical ganglia (Reiter and Hester, 1966; Reiter, 1972; Ariens-Kappers, 1976 ). Since there are no known neural efferents from the pineal (Ariens-Kappers, 1976)) a humoral signal from this gland is presumed to transmit the information to the hypothalamo-pituitary unit (Turek and Campbell, 1979) .
What is known about the transmission pathway for photoperiodic information in the sheep, and how does it compare with that in hamsters? Although early work indicated that the pineal is not essential for seasonal breeding in sheep (Roche et al., 1970) , more recent studies indicate that the pineal is important in the photoperiodic responses mediating control of seasonal breeding. In one such experiment, the superior cervical ganglia were removed in rams housed under alternating long-and short-day artificial photoperiods (Lincoln, 1979) (Fig. 6 ). Since the superior cervical ganglia provide an important neural input to the pineal ( Ariens-Kappers, 1976)) this operation is considered to be a functional pinealectomy.
Photoperiodic entrainment of changes in testicular size were abolished following superior cervical ganglionectomy. The testes remained large for almost 2 years, regardless of photoperiod. This striking result prompted Lincoln to dub the ganglionectomized animal "the ram for all seasons. ' ' Although these results must be interpreted with caution because ganglionectomy not only denervates the pineal but also removes a large portion of autonomic to the head, they are supported by the observation that pinealectomy abolishes photoperiodic control of estrous cyclicity and changes in response to estradiol in ewes (Bittman et al., 1981) . Thus, both sheep and hamsters employ the superior cervical ganglia and pineal for transmission of photoperiodic information mediating seasonal breeding.
What about the rostral components of the pathway? The suprachiasmatic nucleus has been implicated in transmission of photoperiodic information for two reasons. The first is that it is an important component in generation of circadian rhythms (Moore and Eichler, 1972; Stephan and Zucker, 1972; Moore and Klein, 1974; Stetson and Watson-Whitmyre, 1976; Rusak, 1977) . One of these, the rhythm in photosensitivity, is employed in measuring daylength in hamsters (Elliott et al., 1972; Stetson et al., 1975) , birds (Follett and Sharpe, 1969; Turek, 1972) , and probably in sheep (Garnier et al., 1977; Lincoln, 1978; Ortavant et al., 1978) . Thus, it follows that lesions of the suprachiasmatic nucleus should impair an animal's ability to respond to changes in daylength. In hamsters, this is the case; such lesions prevent testicular regression induced by short days (Rusak and Morin, 1976) . In sheep, some support for a role of the suprachiasmatic nucleus in control of seasonal breeding is provided by a recent report indicating that suprachiasmatic lesions prolong the breeding season (Domanski et al., 1980) . The second reason for implicating the suprachiasmatic nucleus in transmission of photic information is that it is the terminus of a monosynaptic pathway from the retina to the hypothalamus.
The retinohypothalamic tract has been identified in a variety of species, including hamsters (Moore, 1973; Eichler and Moore, 1974) . In addition, we have identified this tract in sheep by autoradiographic localization of [3H]proline (250 &i) 1 week following its injection into the vitreous chamber of the eye. This technique is based on the assumption that radioactive amino acid is taken up by the retinal ganglion cells, incorporated into protein, and transported to the terminal by axoplasmic flow. The labeled proteins and thus the nerve terminals can be localized by fixing the tissue at an appropriate time after injection, and processing it for autoradiography.
As can be seen in Fig. 7 , following this procedure specific localization of radioactivity was most dense in the suprachiasmatic nucleus. Accumulation was next heaviest in the optic chiasm, whereas background or nonspecific accumulation of radioactivity, such as that seen in the third ventricle and the tissue dorsal and lateral to the suprachiasmatic nucleus, was observed throughout the remainder of the hypothalamus. These results indicate there is a direct neural pathway from the eyes to the suprachiasmatic nucleus in sheep, and suggest that photoperiodic information may be transmitted to the hypothalamus via this route.
It is important to note, however, that ex- istence of a retinohypothalamic tract does not prove that the retina is the photoreceptor, or that this is the only path whereby photic signals are transmitted to the hypothalamus.
In this regard, it is interesting that birds do not use their eyes for photoperiodic control of reproduction, but employ extraretinal photoreceptors (Benoit, 1964; Menaker and Keats, 1968) . Is it possible that mammals also use extraretinal photoreception for photoperiodic control of reproduction ? The site of the mammalian photoreceptor has only been examined in a few species. In ferrets (Herbert et al., 1978) , hamsters (Reiter, 1968; Rusak and Morin, 1976) , and gerbils (Dixit et al., 1977) , photoperiodic control of reproduction is abolished following blinding. Therefore it is generally presumed that in mammals the retina is the site of the photoreceptor involved in control of seasonal breeding, although there is evidence for extra-retinal photoreception in neonatal rats (Zweig et al., 1966; Wetterberg et al., 1970) . What is known about the photoreceptor in sheep?
Earlier observations indicated that seasonal reproductive function was maintained for 2% years following blinding in ewes housed under natural environmental conditions (Clegg et al., 196'; ) . These results have three possible interpretations:
(1) ewes have extraretinal photoreceptors;
(2) the blind ewes were responding to other environmental cues, such as temperature, or other sighted sheep; or (3) there is an endogenous circannual rhythm of seasonal breeding in sheep. Therefore, in a recent attempt to reexamine whether the eyes are necessary for photoperiodic entrainment of breeding seasons, ewes blinded by bilateral enucleation were exposed to 90-day alternating long-and short-day artificial photoperiods. Surprisingly, following blinding, photoperiodic entrainment was maintained for more than a year . Since a sighted ram was present, a final conclusion cannot be drawn until it is determined whether blind ewes can be entrained by pheromonal signals from a sighted ram. However, the results obtained so far indicate first, that the eyes are not necessary for photoperiodic entrainment of breeding seasons in ewes and second, that blind ewes perceive changes in photoperiod by means of either extraretinal photoreceptors or pheromones, both of which are provocative possibilities.
SUMMARY
It has been demonstrated that photoperiod is the "Zeitgeber" for control of seasonal breeding in the ewe. Seasonal changes in photoperiod are transduced into biannual changes in response of the hypothalamo-pituitary axis to the negative feedback action of estradiol. These changes in response to steroid feedback play a pivotal role in onset or cessation of estrous cycles by means of their capacity to promote or prevent a sustained increase in circulating LH. The sustained rise in LH is the critical step in a sequence of events leading to ovulation; whether it occurs or not determines whether breeding season or anestrus ensues, and depends on the response to estradiol. Thus, when estradiol feedback is low, sustained LH rises and the breeding season can occur; when response to estradiol is high, LH rises cannot occur and anestrus results. With regard to transmission of the photoperiodic signals which control seasonal breeding, the information is not as complete. Although the eyes are not required for photoperiodic en- 
